Fibered confocal fluorescence microscopy (FCFM) is an emerging technique that can be used during bronchoscopy to analyze the nature of the human bronchial mucosa and alveolar network fluorescence microstructure. An endoscopic fibered confocal fluorescence microscopy system with spectroscopic analysis capability was developed allowing realtime, simultaneous images and emission spectra acquisition, at 488 nm excitation, using a flexible miniprobe. This flexible 1.4 mm miniprobe can be introduced into the working channel of a flexible endoscope and gently advanced through the bronchial tree up to the alveoli. FCFM in conjunction with bronchoscopy is able to image the in vivo autofluorescence microstructure of the bronchial mucosa but also the alveolar respiratory network outside of the usual field of view. In the normal bronchi, reproducible images were obtained, characterized by a highly organized fibered network. Precancerous lesions exhibited alterations of this fibered network. Microscopic and spectral analysis showed that the signal mainly originates from the elastin component of the bronchial subepithelial layer. In non smokers, the system images the elastin backbone of the aveoli. In active smokers, a strong autofluorescence signal appears from alveolar macrophages. The FCFM technique appears promising for in vivo exploration of the bronchial and alveolar extracellular matrix.
INTRODUCTION
Macroscopic endoscopic autofluorescence bronchoscopy has been extensively evaluated during the past decade 1 as a diagnostic tool for early cancer diagnosis: autofluorescence bronchoscopy is based on the observation that premalignant and malignant bronchial mucosae fluoresce less than normal tissue. This allows detection of lesions that may still visually seem normal during conventional white-light bronchoscopy 2 . However, the technique is hampered by the low specificity of the fluorescence defect, which ranges from 25 to 50% 1 . The lateral spatial resolution of non confocal autofluorescence bronchoscopy is identical to conventional endoscopic imaging. The biological basis for differences between normal and neoplastic tissue autofluorescence is not yet fully understood. Besides, it is to be noted that, until now, the external diameter of the thinnest commercially available bronchoscope does not make it possible to image the respiratory tract beyond bronchioles smaller than 3mm in diameter in-vivo 3 . Therefore, the pathology of the terminal respiratory unit, from the small terminal and respiratory bronchioles down to the alveolar acini, was until recently assessed only in vitro, using techniques such as bronchoalveolar lavage and histology from transbronchial or open lung biopsies. No real time imaging was available.
Coupled with autofluorescence bronchoscopy, the use of a method that would allow real-time, non invasive histologic imaging at microscopic level may help to ensure higher yield biopsy samples, increase the specificity of the endoscopic technique, and potentially avoid unnecessary biopsy sampling or repeated procedures.
Fibered confocal microscopy is an emerging technology that allows to image the microscopic structure of a living tissue 4 . In its fluorescence mode (fibered confocal fluorescence microscopy [FCFM] high-quality images from endogenous or exogenous tissue fluorophores. In addition to imaging the integrated fluorescence emission, the knowledge of the complete emission spectrum from a localized region brings additional capabilities. In particular, when studying tissular autofluorescence, spectral information is relevant for identifying tissular fluorophores contributing to the global emission and unmixing their overlapping signals.
We therefore hypothesized that a dual fibered confocal imaging and spectroscopic system could be used to analyze the nature of the bronchial and alveolar mucosae autofluorescence microstructure in vivo in humans. Our objectives were (i) to describe the in vivo autofluorescence microscopic structure of the normal bronchial mucosa and precancerous lesions (ii) to assess the possibility of obtaining real time in vivo imaging of the respiratory alveolar system and characterize the microanatomy of alveoli in both smoker and non smoker healthy subjects 2. METHODOLOGY
Fibered Confocal Fluorescence imaging and spectroscopic system
The dual fibered confocal imaging and spectroscopic instrument is based on the fibered confocal fluorescence microscopy technology developed by Mauna Kea Technologies (Paris, France): it is basically identical to the commercially available FCFM device called "Cellvizio -LUNG except that a spectroscopic channel was added to the device in order to allow simultaneous recording of the spectrum and the microscopic images of the observed field of view. A schematic diagram of the system is shown in Fig.1 . We have previously reported on the optical design of the instrument 5 . Briefly, this device consists of four main elements: a Laser Scanning Unit, a miniaturized flexible fibered probe, a spectroscopic channel and a dedicated control and acquisition software. The laser scanning unit is composed mainly of a solid state laser diode (Laser Sapphire, Coherent, Santa Clara, CA, USA) emitting at 488 nm, an XY scanning system injecting the laser beam into the fiber bundle (Fujikura) one fiber at a time and a photodetector. Each fiber, of 1.9 µm core diameter, acts as a point source and a point detector, thereby ensuring the confocal properties of the system. The bundle is scanned at high speed resulting in a frame rate of 12 images per second for a 896 X 640 pixels image. The illumination of the tissue is thus assured in turn by only one fiber which, in return, collects the fluorescence light. On return, the optical path is divided into 2 parts by a beamsplitter, 80% of the fluorescence signal being used for imaging and 20% for spectral analysis. The processed images are displayed on the monitor in real-time. The spectroscopic channel is based on an optical fiber (100 µm core) coupled to a spectrometer (USB 2000 Ocean Optics) with an entrance slit width of 100 µm achieving a spectral resolution better than 4 nm. The control and command of the spectral analysis was performed using the Spectra Suite software (Ocean Optics). The axial resolution of the spectroscopic channel is 30 µm for a field of view of 400 m in diameter. In order to ensure the synchronous acquisition of images and spectra, the spectral acquisition is image-triggered, that is to say, for each image recorded a synchronization signal is sent to the spectrometer in order to trigger the spectral integration of the fluorescence signal when image scan starts. The number of spectra recorded is set by the user. The integration time is set to 50 ms; hence, as the image scanning lasts 80 ms, only the first 5/8th of image contributes to the spectral signal. As excitation light generates a background autofluorescence and Raman signal within the fiber, a spectrum of this background was acquired prior to and immediately after the clinical measurements on each patient.
The fluorescence signal, for both image and spectral analysis, is recorded between 500 nm and 750 nm.
Optical probe
For the studies reported here, the probe is an Alveoflex Confocal Miniprobe (Mauna Kea Technologies) with an overall diameter of 1.4 mm compatible with the operating channel of standard bronchoscopes for in vivo proximal and distal lung tissues exploration. The fiber bundle is made of 30,000 fiber cores. The lateral resolution of the miniprobe, limited by the fiber bundle inter-core distance and the fiber diameter core, is 3.5 µm. The field of view is adjustable from several hundred microns up to the useful entire diameter (600µm). Because the probe is devoid of distal optics, the field of view equals the scanned surface.
Data processing 2.3.1 Images
Raw data images are processed by a dedicated image processing software developed in-house by Mauna Kea Technologies 6 (Medicell) which removes the fiber bundle pattern and provides sequences of images in real time together with various quantification tools (distance measurements and statistics). For quantification purpose and comparison between normal/premalignant images, the recorded images were reviewed using a specific software (IC-Viewer 1.0, Mauna Kea Technologies).
Spectra
The fiber background spectrum was substracted from all raw autofluorescence tissular spectra. Then the spectra were corrected for the spectral sensitivity of the spectrometer detector and optical setup. For comparison of spectral distributions, spectra were normalized with respect to their maximum intensity.
In vivo study
Results reported here were obtained during two clinical trials ongoing at Rouen University Hospital, led by professor Luc Thiberville. The first one concerns the follow-up of low-grade precancerous lesions in high risk individuals, the second one is a phase I-II prospective trial which aims at describing the autofluorescence microstructure of the distal lung. The subjects provided signed informed consent for the study. Autofluorescence fibered confocal imaging and spectroscopy was performed during conventional white-light endoscopy under topical anesthesia. Images and spectra were recorded simultaneously.
For bronchi exploration a fiberoptic endoscope was used in conjunction with the autofluorescence ONCO-LIFE system (XilliX, Vancouver B.C., Canada). The miniprobe was inserted into the working channel of the bronchoscope and applied under sight control onto the bronchial mucosae of the trachea, the main and lobar bronchus. Approximately five different bronchial areas were imaged for each explored patient. For alveoli exploration, a fiberoptic endoscope was inserted into the bronchial tree down to the smallest bronchi available. Then the probe was inserted into the working channel of the bronchoscope and gently advanced into the distal bronchiole until the alveolar system could be observed. Two to ten distinct bronchioalveolar areas were explored in each individual.
Reference spectra
In order to attempt to identify the endogenous fluorophores most likely involved in the autofluorescence image formation, pure collagen and elastin emission reference spectra were acquired with the instrument under the same experimental conditions as those used for endoscopic measurements. Collagen 1 gels were kindly provided by Gervaise Mosser from « Chimie de la Matière Condensée » laboratory (université Pierre et Marie Curie, Paris). Elastin from human lung prepared by non degradative extraction was purchased from Sigma (reference E7152).
RESULTS

Microspectro-imaging of normal bronchi, precancerous lesions and carcinoma in situ
The microscopic autofluorescence structure of normal bronchial areas appeared as a highly organized fibered network that could be found on the entire surface of the bronchial tree up to the most distal level. Reproducible images were obtained, with the identification of five different patterns depending on the level imaged in the bronchial tree 7 . One of these patterns could be observed in all 30 of the 30 normal areas not previously biopsied, from the trachea down to the more distal respiratory bronchi. Fig. 2 displays two typical autofluorescence microstructures corresponding respectively to the lobar bronchi and to the more distal airways. A drastic decrease of the autofluorescence intensity along with an alteration of the fiber network organization (Fig. 3) was observed in 19 of 22 metaplastic or dysplastic samples, all of the five carcinoma in situ (CIS) and the two invasive lesions. Fig. 4 shows the image of a freshly excised normal human lobar bronchus after acriflavin nuclear staining, before and after mechanical removal of the epithelial layer. After acriflavin application, the fibrillar aspect of the bronchial microautofluorescence was replaced by a dense field of regular nuclei (8 m in diameter) corresponding to the epithelial layer (Fig. 4A) . Imaging of the bronchial surface after complete mechanical removal of the epithelial layer revealed the usual fibrillar autofluorescence of the bronchial wall (Fig. 4B) , showing that the normal bronchial autofluorescence image obtained at 488 nm excitation originates from the superficial layers of the subepithelial bronchial wall. Fig.4 Ex vivo experiment on a normal bronchus stained with acriflavin, before (A) and after (B) mechanical removal of the epithelial layer.
-In vivo spectral analysis of autofluorescence images. The typical normalized autofluorescence spectrum obtained in vivo from the healthy proximal bronchial mucosa is shown in Fig. 5 , in comparison with spectra of human elastin powder and collagen I gel. Under 488 nm excitation, all normal bronchus spectra exhibited an emission band with a peak located around 530 nm, decreasing monotically to 650 nm. While variations in intensity were observed, according to the corresponding autofluorescence image brightness, spectral shapes were found to be similar from a bronchial site to another in the same patient and from one patient to the other. The bronchial autofluorescence spectrum appeared to be very similar to that obtained using elastin powder extracted from human lung. Conversely collagen 1 gel spectral distribution differs significantly from those of elastin and bronchial
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I,,gth mucosa ones . Moreover, emission intensities of normal tissue and elastin under 488 nm excitation appear to be similar, but one order of magnitude higher than that of collagen. These results clearly indicate that, under our experimental conditions, 488 nm autofluorescence microscopic images mainly results from the bronchial subepithelial fluorescence emission of elastin fibers and that the contribution of collagen is negligible. The spectral analysis of the vicinity of CIS lesions showed a drastic decrease in the overall intensity, but the spectral shape was generally similar to that of the normal tissue except for some of the very weak intensity spectra where two spectral dips around 542 nm and 577 nm could be observed, corresponding to the secondary peaks of hemoglobin absorption (data not shown).
The specific disorganisation of the fibered network in the vicinity of carcinoma in situ and some low grade precancerous lesions is a striking observation, which shed some light on the origin of the precancerous fluorescence modifications. A number of factors have been hypothetized to explain these alterations including a reduction in the epithelial cell fluorophore concentrations 8, 9 , a modification in the physico-chemical microenvironment of tissue 10 , a change in the tissue architecture such as thickening of the malignant epithelium and an increase in the microvascularisation 11 . Our data strongly support the hypothesis of an early degradation of the basement membrane components to explain the autofluorescence decrease in precancerous epithelium. The proteolytic alteration of the extracellular matrix is one of the major steps identified in tumor invasion 12 . Recent studies of matrix metalloproteinase and their inhibitors expression in premalignant bronchial epithelium showed significant alterations as early as in basal cell hyperplasia, as well as extensive disruptions of the basement membranes in areas of dysplasia and carcinoma in situ 13 which may correspond to the specific disorganisation of the subepithelial fibered network that we have observed.
Microspectro-imaging of alveoli
Eighteen healthy subjects were explored (ten current smokers and eight non smokers). Fig. 6 shows a typical microscopic autofluorescence image of an alveolar territory in a non-smoker individual with the associated spectrum. The comparison between the normalized emission spectra acquired in vivo from non-smokers and in vitro from elastin powder clearly shows that the autofluorescence signal mainly originates from the elastin backbone of the alveolar system. As can be seen in Fig. 7 microscopic images from smokers are drastically different from those obtained in non-smokers. The alveoli entrances and ducts are usually filled with higly fluorescent macrophages. In order to gain a better understanding of the origins of the difference between smoker and non-smoker images, autofluorescence spectra of smoked cigarette filter-tips were acquired with our system and compared to in vivo alveolar autofluorescence spectra in active smokers. The spectral analysis showed that the signal mainly comes from the tobacco tar contained in the macrophage cytoplasm and the surfactant layer.
CONCLUSION
These first results indicate that autofluorescence fibered confocal microscopy coupled with spectroscopy is a safe and and minimally invasive procedure allowing in vivo imaging of the elastin network of bronchi and alveoli at microscopic level. The technique appears promising for the in vivo exploration of the extra-cellular matrix. In addition to the study of premalignant bronchial wall alterations, the method appears as a potential diagnostic tool in pathologies associated with a remodeling of the extracellular matrix, such as diffuse interstitial lung diseases.
